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INTRODUCTION
High-grade serous ovarian cancer (HGSOC), which originates either in the ovary or the fallopian tube, accounts for most ovarian cancer fatalities due primarily to late diagnosis and acquired resistance to chemotherapy (Bowtell et al., 2015) . Because the ovaries and fallopian tube are hidden in the abdominal cavity, 80% of all HGSOC are discovered after the cancer has widely metastasized. Current standard treatment includes a combination of tumor-debulking surgery and carboplatin/paclitaxel chemotherapy. Despite this very aggressive treatment, which stretches over five months, 80% of patients suffer an intraabdominal recurrence and will go through consecutive rounds of chemotherapy without the expectation of a cure. However, one in six patients remains disease free for more than 10 years after an initial diagnosis of advanced-stage metastatic disease (Cress et al., 2015) . At present, no known molecular mechanisms are associated with this prolonged survival, and no good predictive markers exist to distinguish these patients from others with HGSOC who do poorly (Hoppenot et al., 2018) . Therefore, it would be extremely useful to identify tumor-intrinsic, predisposing features underlying the favorable response to chemotherapy and long-term survival of some patients.
Cancer is predominantly studied at the genetic level, but proteomics has long been seen as a promising complementary technology that could enable insight into the disease at the protein level. Currently, there are few if any examples in cancer of clinically relevant biomarkers identified through this technology (Anderson et al., 2013; Rifai et al., 2006) . However, proteomics technology has improved tremendously in recent years and is now capable of very deep and quantitative profiling of cellular systems, including formalin-fixed and paraffin-embedded (FFPE) tissue (Aebersold and Mann, 2016; Mertins et al., 2016; Wi sniewski et al., 2011) . Large-scale proteogenomics has already been used to correlate changes at the protein level with those in the genome, highlighting how acetylation and phosphorylation features are linked to deficiencies in homologous recombination and reduced survival (Zhang et al., 2016) .
Here, we set out to investigate whether the tumor proteome of metastatic HGSOC influences the long-term survival of patients following adjuvant chemotherapy. We developed nearly lossless, high-sensitivity workflows to analyze a large fraction of the disease-related proteome from small amounts of FFPE tumors with the goal of discovering biomarkers of treatment response. This system-wide quantitative proteomics approach, using state-of-the-art mass spectrometry (MS), was applied to tissue from a cohort of treatment-naive HGSOC patients, identifying cancer/testis antigen (CTA) 45 (CT45) as a highly significant marker of a positive response to chemotherapy. This was followed by interaction proteomics, phosphoproteomics, and immunopeptidomics, along with extensive functional follow up, to shed light on the mechanisms of action leading to increased patient survival.
RESULTS

Identification of CT45 by High-Sensitivity Expression Proteomics
We performed quantitative proteomics on FFPE tumor samples derived from 25 chemotherapy-naive patients with advancedstage HGSOC (Figure 1A and Tables S1, S2, and S3). Since patients with advanced-stage clinical disease have the worst prognosis (Bowtell et al., 2015) , we selected metastatic tumors from the omentum for proteomic analysis. Adapting a recently described and highly sensitive label-free proteomic workflow capable of accurately quantifying a large portion of the cellular proteome (Coscia et al., 2016; Cox et al., 2014) , we performed global proteomics on a cohort of chemoresistant (n = 11, median disease-free survival [DFS] = 190 days) and chemosensitive (n = 14, median DFS = 1,160 days) patient tissues (Figure 1A) . We identified and quantified more than 9,000 proteins from low-mg archival samples in single-run measurements in the MaxQuant environment using a permutation-based false discovery rate (FDR) to correct for multiple hypothesis testing (Cox et al., 2014; Cox and Mann, 2008) (1% FDR at protein and peptide levels; Figure S1A ). The dynamic range of protein signals spanned more than six orders of magnitude (Figure S1B ). Pearson's r values between all specimens were consistently above 0.77 (mean 0.88), and the correlation was 0.95 between independently prepared tissue from the same tumor (Figure S1C) . Based on the quantitative levels of 8,190 proteins after data filtering (Figures 1B and S1A and STAR Methods) , we observed few overall proteome changes across the two patient groups as shown by principal-component analysis (PCA) of all tumor proteomes (Figure 1C) . However, the comparison of chemosensitive and chemoresistant patients identified CT45 as significantly more highly expressed in chemosensitive patients (FDR < 5%; Figure 1D ). Kaplan-Meier survival analysis confirmed that patients with high CT45 expression (top 25%) had prolonged disease-free survival compared to all others (2,754 days versus 366 days, p = 0.008; Figure S1G ) and higher overall survival time (2,903 days versus 1,078 days, p = 0.016; Figure 1F) . The CT45 gene family is comprised of 10 distinct but highly similar genes that are nearly identical at the protein level (amino acid identity > 98%; Figure S1D ). However, MaxQuant was able to distinguish three protein groups, and while the protein group with the majority of peptides (n = 16) showed the strongest CT45 expression difference between resistant and sensitive patients (p < 0.01), the two other protein groups showed a similar trend of higher CT45 in chemosensitive patients (Figure S1E) . Immunohistochemistry for CT45 confirmed the relative expression differences of CT45 in serial sections of the tumors used in the proteomic cohort and showed nuclear localization ( Figures  1E and S1F ).
To validate the proteomic findings in a larger patient cohort, we stained tissue microarrays (TMAs) in over 200 cases of primary and metastatic epithelial ovarian cancer (Table S4) . CT45 protein levels were assessed by a gynecologic pathologist blinded to patient outcomes. CT45 was only rarely expressed in cases of endometrioid, clear cell, or mucinous ovarian cancer histologic subtypes compared to the high-grade serous papillary subtype, a finding that is in line with a previous study of mRNA expression (Zhang et al., 2015) . There was no difference in protein expression between corresponding primary and metastatic tumors from the same HGSOC patients. Consistent with the discovery cohort, CT45 expression correlated with chemosensitivity in 124 patients with advanced-stage HGSOC (FIGO [International Federation of Gynecology and Obstetrics] stage IIIB or higher) (p = 0.005; Table S4 ). Furthermore, patients with high CT45 expression (n = 42) had prolonged disease-free survival as compared to patients in whom CT45 expression was absent (n = 82) (p = 0.02, 363 days versus 153.5 disease-free days; Figure 1G ), and there was a trend toward longer overall survival (p = 0.09; Figure S1H ). Finally, CT45 expression strongly correlated with increased overall survival in 284 HGSOC patients based on RNA sequencing (RNA-seq) data from the Cancer Genome Atlas (TCGA) (Cancer Genome Atlas Research Network, 2011) ( Figure 1H ; p = 0.0094). Therefore, CT45 expression is a novel prognostic indicator for advanced-stage HGSOC.
Phosphoproteomics Reveals a Role for CT45 in Chemosensitivity
Little is known about CT45's cellular function, prompting us to investigate the molecular mechanisms leading to improved chemotherapy response. Overexpression of CT45 in the OVCAR-5 HGSOC cell line at levels analogous to the endogenous CT45 expression in 59M ovarian cancer cells (Figure S2A) did not affect the cell cycle or proliferation (Figures S2C and S2D) . However, the addition of carboplatin reduced colony formation and proliferation in CT45 expressing cells in a dosedependent manner (Figures 2A and S2C ). Similar effects were observed using a second serous ovarian cancer cell line, OVKATE, ectopically expressing CT45 (Figures S2B and S2E) .
Carboplatin treatment induces DNA interstrand crosslinks, which are sensed and repaired by the Fanconi anemia (FA) signaling pathway (Ceccaldi et al., 2016) . To assess activation of FA signaling, we used phosphoproteomics on CT45 and vector control expressing OVCAR-5 cells treated with carboplatin. Pathway analysis revealed strong activation of DNA damage pathways-including the FA pathway ( Figure 2B )-which were hyperactivated in CT45-expressing cells treated with carboplatin as compared to control vector cells (Figure 2B) . Several Fanconi protein phosphorylation sites, including the DNA-damagemarker FANCD2, showed higher phosphorylation in CT45-expressing cells (Figure S2F) , suggesting an increased DNA repair and/or DNA damage response (DDR). To test whether the FA signaling pathway is upregulated in cells expressing high endogenous CT45 levels ( Figure S2A ), 59M ovarian cancer cells were co-stained for CT45 and FANCD2 following carboplatin treatment and analyzed by high-content microscopy at single-cell resolution (Hansen et al., 2016; Toledo et al., 2013 ). Cells expressing the highest level of CT45 had increased FANCD2 foci formation in S and G2 , suggesting increased replication stress and DNA damage following carboplatin exposure.
To determine whether the increase in FANCD2 foci formation following carboplatin treatment results from more efficient DNA repair or from increased DNA damage, we performed singlecell gel electrophoresis (comet assay) to detect double-and single-strand DNA breaks. CT45-expressing cells had increased tail moments compared to control cells ( Figure 2D ), indicating higher levels of DNA damage. Consistently, in response to carboplatin, (A) Summary of the shotgun proteomics workflow applied to FFPE tumors from ovarian cancer patients. Following tissue lysis and homogenization, purified proteins were digested and analyzed in single-run high-performance liquid chromotography (HPLC)-MS using a quadrupole Orbitrap mass spectrometer. Data were analyzed and quantified in MaxQuant (Cox et al., 2014; Cox and Mann, 2008) . (B) Number of quantified proteins from chemotherapy-resistant (n = 11) and -sensitive (n = 14) tumors. Error bars show standard deviation for each group. (C) Grouping of chemotherapy-resistant and -sensitive tumor proteomes by PCA. Component 1 accounts for 12.8% of total data variability and component 2 accounts for 9.7%. (D) Volcano plot of chemotherapy-resistant versus -sensitive tumor proteomes. Expression fold changes are plotted against the t test p value (Àlog 10 ). Dashed lines indicate the significance threshold (FDR < 0.05, s 0 = 2). CT45 is highlighted in green. Chemoresistant patients were defined as those with less than 6 months disease-free survival from the date of last treatment to recurrence, and sensitive patients were defined as those with more than 12 months disease-free survival from the date of last treatment to recurrence. (E) Immunohistochemistry for CT45 and corresponding H&E staining in serial tumor sections from three representative patients. (F) Kaplan-Meier survival analysis (log-rank test) of overall survival based on CT45 protein levels in the proteomics dataset. The patients with the highest CT45 expression (top 25%, n = 6, green, median overall survival = 95.4 months) are compared to the lower 75% (n = 19, purple, median overall survival = 35.4 months). (G) Kaplan-Meier analysis of disease-free survival based on CT45 staining of HGSOC TMAs. Advanced-stage HGSOC patients with a staining score of 0 (n = 82) versus 1+ (n = 42) are compared. (H) Kaplan-Meier survival analysis based on CT45 RNA levels in 284 HGSOC patients from TCGA (p = 0.0094, log-rank test for trend, IlluminaHiseq BC dataset) (Cancer Genome Atlas Research Network, 2011) . See also Figure S1 and Tables S1, S2, S3, and S4. CT45 expressing cells showed increased levels of the DNA damage marker gH2AX and apoptotic cell death (Figures S2J and S2K) , as well as a higher level of platinum-DNA adducts as compared to control vector cells (Figures 2E and S2L) . In vivo, treatment with carboplatin significantly reduced the growth of CT45-expressing subcutaneous tumors when compared to (D) DNA damage was detected following carboplatin treatment at day 5 using a comet assay, which evaluates double-and single-strand breaks. Data are means ± SEM of four independent replicates (bottom). The tail length correlates to DNA damage. Representative images of comet assays are shown. OVCAR-5 cells were treated with 5mM carboplatin, and COV318 were treated with 2 mM carboplatin. (E) Platinum content in genomic DNA isolated from OVCAR5-V5 and OVCAR5-CT45 cells treated with carboplatin (day 3) quantified using inductively coupled plasma MS (ICP-MS). Values are mean ± SEM from five biological replicates. **p < 0.01. (F) Left: subcutaneous growth of OVCAR5-V5 (control plasmid) and OVCAR5-CT45 tumors in mice (n = 5-8) during treatment with carboplatin. Data are means ± SEM for each group. Right: immunohistochemistry for CT45 and corresponding H&E staining in OVCAR5-V5 (control plasmid) and OVCAR5-CT45 mouse tumors. Scale bar: 50 mM. See also Figure S2 .
untreated CT45-expressing tumors in an immunodeficient mouse, while treatment had no effect on tumors generated with the vector control cell line. In addition, CT45 expression significantly reduced overall tumor growth as compared to the vector control ( Figure 2F ). Therefore, we conclude that CT45 expression correlates with increased carboplatin-induced DNA damage in vitro and in vivo.
Interaction Proteomics Implicates CT45 in DNA Damage Signaling To gain further mechanistic insights into CT45-mediated chemosensitivity, we mined our recent quantitative human interactome and found that CT45 interacts with the evolutionarily conserved protein phosphatase 4 (PP4) complex. The PP4 interaction was confirmed in two ovarian cancer cell lines (OVCAR-5 and COV318) expressing N-terminal FLAG-and C-terminal V5-tagged CT45, respectively. The regulatory subunits of the PP4 complex-PP4R3a, PP4R3b, and PP4R2-as well as the catalytic subunit, PP4C, specifically co-immunoprecipitated with CT45 (p < 0.01; Figures 3A, S2M , and S2N). The CT45-PP4 interaction was reciprocally confirmed in 59M cells endogenously expressing CT45 ( Figure S2O ). Gel filtration confirmed a direct interaction of recombinant CT45 with the regulatory subunit PP4R3b ( Figure 3B ), while there was no interaction observed with PP4R2 ( Figure S2Q ). Furthermore, isothermal titration calorimetry (ITC) showed a low micromolar interaction affinity between CT45 and PP4R3b ( Figure 3C ; K D = 0.37 mM ± 0.03). Collectively, these data demonstrate that CT45 directly and specifically binds to the PP4 complex. Since PP4 deficiency impedes the DDR (Chowdhury et al., 2005; Lee et al., 2012; Lee et al., 2010) and renders cells hypersensitive to platinum compounds (Gingras et al., 2005; Wang et al., 2008) , we hypothesized that CT45 binding may interfere with PP4 activity during the DDR. One possible mechanism is that CT45 binding blocks PP4 substrate recognition, leading to a phenotype of PP4 deficiency. Since CT45 and the PP4 regulatory subunits, PP4R3a and PP4R3b, localized predominantly to nuclease-resistant chromatin ( Figure S2P ), we performed chromatin immunoprecipitation coupled to MS (ChIP-MS) to investigate differences in protein binding to PP4C-enriched chromatin. CT45, as well as the known PP4 substrate and chromatin regulator, KAP1/TRIM28, were strongly co-enriched along with the bait protein, PP4C ( Figures 3D and S3A ). However, we only found minor interaction differences when CT45 was depleted by short hairpin RNA (shRNA), indicating that CT45 does not alter PP4 substrate binding on a global scale ( Figure 3E ). Furthermore, CT45 did not interfere with PP4 complex assembly, as revealed by identical co-enrichment of PP4C and PP4R2 (Figure S3A) , and the interaction was independent of carboplatin treatment ( Figure S3B ).
Since the PP4 interactome was not altered by the expression of CT45, we tested whether CT45 binding to PP4 alters PP4 phosphatase activity. Indeed, the phosphatase activity of immunoprecipitated PP4 was significantly reduced in the presence of bound CT45 as compared to cells expressing the control vector ( Figures 3F and S3C) . Furthermore, recombinant CT45 reduced PP4 phosphatase activity in vitro, while no inhibition was observed with a non-binding control protein at an equimolar concentration ( Figures 3C [right] , 3G, and S3D). These data suggest that CT45 acts as a novel endogenous regulator of PP4 signaling.
We next hypothesized that if CT45 reduces PP4 activity, CT45 expression should partially mimic PP4C knockdown on a global phosphoproteomic level. 59M cells transfected with control small interfering RNA (siRNA; siCTRL), CT45-targeting siRNA (siCT45), or PP4C-targeting siRNA (siPP4C) were analyzed by phosphoproteomics ( Figures S3E-S3G ). Unsupervised clustering revealed that the top co-regulated cluster of CT45-expressing and PP4C knockdown cells was enriched for phosphorylation sites related to DDR signaling (Figures S3H and S3I) . This included the phosphorylation of KAP1 at S473, a known PP4-regulated site important for cell-cycle checkpoint control upon DNA damage (Lee et al., 2012) (Figure S3J ). The intensity of this phosphorylation site was lowest in CT45 knockdown cells, suggesting that PP4 activity was higher than in siPP4C and siCTRL (CT45-expressing) cells. Analysis of the CT45 chromatin interactome confirmed that PP4 and its substrate KAP1 both localized to the same chromatin environment as CT45, along with other strongly enriched DNA damage and repair proteins (Figure S3K) .
Collectively, these data show that CT45 inhibits PP4 directly and uncover a link between CT45 expression, chemosensitivity, and PP4 activity in ovarian cancer patients. Interestingly, while loss of PP4 in cancer is infrequent (cBioPortal, http://www. cbioportal.org/), PP4C, PP4R2, and PP4R3a are commonly overexpressed in breast and colorectal cancers (Wang et al., 2008) , and upregulation of PP4C is associated with poor prognosis in colorectal cancer (Li et al., 2015) . In TCGA dataset, low PP4C levels in CT45-negative patients predicted overall survival similar to that of patients with high CT45 (Figure 3H ). Conversely, patients with high expression of PP4C had significantly worse overall survival as compared to patients with low PP4C expression (885 days versus 1,324 days, p = 0.03; Figure 3H ).
Immunopeptidomics Identifies CT45 as a Native Tumor Antigen Regulated by DNA Methylation Intratumoral T cell presence has long been known to be favorably associated with survival in ovarian cancer (Zhang et al., 2003) . Because CT45 is a CTA-a group considered to be promising immunotherapy targets due to their high tumor specificity and immunogenicity (Coulie et al., 2014 )-we next explored a possible role for the immune response in the long-term survival of CT45-expressing patients. An ideal immunotherapy target should be highly expressed in cancerous tissue and not expressed in normal, healthy tissues. We therefore analyzed a public RNA-seq dataset of 37 normal tissues (Uhlé n et al. 2015) and found that CT45 was exclusively expressed in testis ( Figure 4A ), an immune-privileged organ, confirming that CT45 is a classic CTA (Simpson et al., 2005) . In cancer tissues, CT45 expression was highest in uterine, ovarian, and testicular cancer, while little to no expression was found for the 24 remaining cancers (Figure 4B ; TCGA Pan-Cancer RNA-Seq, Cancer Genome Atlas Research Network et al., 2013) . Despite previous reports on CT45 expression in several tumor types (Chen et al., 2009; Heidebrecht et al., 2006; Rudolph et al., 1999) , it has not been validated as a human leukocyte antigen (HLA) class-I-receptor (HLA-I)-presented antigen. To investigate this, we coupled immunopeptidomics to MS (Bassani-Sternberg et al., 2015) using the high-CT45-expressing 59M HGSOC cell line ( Figures S4A  and S4B ). Of 6,413 identified HLA-I peptides (Table S5) , five were derived from CT45: AVDPETVFK, GVQGPTAVR, GVQGPTAVRK, VQGPTAVRK, and QGPTAVRK-all of which matched the binding motifs of the A-03:01 and A-11:01 HLA-I receptors ( Figures S4C-S4F ). We further confirmed the identity of these peptides using tandem MS on synthetic versions (Figure S4G) . In silico HLA epitope analysis predicted weak and strong binding affinity of AVDPETVFK to HLA A-03:01 or HLA A-11:01, respectively, and low or no binding affinity for the remaining four peptides ( Figure 4C ). This example illustrates the Table S5. power of mass-spectrometry-based approaches to identify novel antigens that might fail classic in silico predictions. Using our immunopeptidomics pipeline, we found that CT45 is a naturally occurring cancer antigen presented on HLA class I receptors on ovarian cancer cells. CT45 expression is regulated by DNA methylation (Heidebrecht et al., 2006; Zhang et al., 2015) , and patients treated with demethylating agents, such as 5-aza-2 0 -deoxycytidine (DAC), show an altered immune response correlating with upregulation of CTAs, as well as genes involved in immunomodulatory pathways (Chiappinelli et al., 2015; Li et al., 2014) . Proteomic analysis of DAC-treated SKOV3ip1 ovarian cancer cells revealed that CT45 was among the top 10 upregulated proteins, along with the CTAs NY-ESO-1, MAGEA4, and SSX2 ( Figure 4D ) (Chiappinelli et al., 2015; Li et al., 2014) . Interestingly, CT45 expression could also be induced with DAC treatment in several other cancer cell lines independent of cancer origin ( Figure S5A ). This prompted us to test if DAC-induced expression of CT45 leads to peptide presentation on HLA-I receptors. We applied our immunopeptidomics strategy to the CT45-negative SKOV3ip1 ovarian cancer cell line treated with DAC ( Figure S5A ). SKOV3ip1 has a HLA-A genotypic background (A-03:01/ A-68:01) similar to 59M cells, which we used for peptide discovery (A-03:01/A-11:01). Indeed, we identified three CT45 peptides in DAC-treated SKOV3ip1 cells derived from the same protein regions as those in the 59M cell line ( Figure S4D ), which matched the alleles A-03:01 and/or A-68:01 (Figures 4E and S5B-S5D and  Table S5 ). Interestingly, while one peptide (GVQGPTAVR) was identical in the DAC-treated SKOV3ip1 cells and the 59M cell line, the two remaining peptides (EGVQGPTAVR and VAVDPETVFKR) were close sequence variants of our newly identified 59M peptides ( Figure S4D ). The small peptide sequence differences we observed between the two cell lines indicate different intracellular antigen processing, highlighting the potential of an even broader repertoire of ligands from CT45. Of note, we identified several other CTA peptides from SSX2, MAGEA4, and SPANXB1, which were presented on HLA-I molecules following DAC treatment ( Figure 4F and Table  S5 ), findings similar to those in a recent study in glioblastoma (Shraibman et al., 2016) . These data provide a useful resource for the design of specific anti-cancer immunotherapies directed against CTAs.
CT45 Peptides Activate Patient-Derived Cytotoxic T Cells
To investigate if the identified epitopes function as targets for cytotoxic CD8+ T cells, we stimulated patient-derived A-11:01 CD8+ T cells, collected from a woman with chemosensitive, CT45-positive HGSOC, with the two CT45 peptides that had the best predicted binding affinities. Both CT45 peptides, but not a control peptide, induced CD8+ T cell activation as assessed by Ki-67 and intracellular interferon g (IFNg) staining (Figure 5A) . Similar results were obtained with HLA A-03:01 CD8+ T cells using three peptides identified after DAC treatment (Figure 5B ). The A-11:01 CD8+ T cells reacted with one of two CT45 tetramers (A-11) containing the peptide AVDPETVFK, which had the highest predicted affinity for A-11:01, while A-03:01 CD8+ T cells reacted with the tetramer (A-03) containing the GVQPTAVRK peptide ( Figure 5C ). Co-culture of the HLAmatched CT45+ 59M cell line with peptide-stimulated A-11:01 CD8+ tumor-infiltrating lymphocytes (TILs) targeting two different CT45 peptides, lysed cancer cells in a dose-dependent manner ( Figure 5D ). These data demonstrate that CT45 is an endogenously processed and presented antigen, recognized and targeted by patient-derived CD8+ T cells.
DISCUSSION
Archival biobank material is especially appropriate for proteomic analysis due to its broad availability and the possibility, essential for the identification of novel disease related factors, of integrating detailed clinico-pathologic information into the study design and data analysis. However, until recently, proteomic technology was poorly suited for in-depth proteome analysis of FFPE biobank tissue, since it required extensive sample prefractionation, large sample amounts, and long measurement times. Using a high-sensitivity, single-run strategy on minute amounts of FFPE tissue, we quantified over 9,000 proteins and identified CT45 as an independent prognostic factor for patients with advanced-stage HGSOC. To our knowledge, this is the first example of MS-based proteomics leading to the discovery of a prognostic and functionally important cancer biomarker.
In this study, MS-based proteomics indicated that CT45, a CTA of unknown function, could serve as a marker of longterm survival following chemotherapy in advanced-stage metastatic HGSOC. With a combination of quantitative proteomics and functional assays, we found that CT45 functions both as a cell intrinsic enhancer of chemosensitivity and as a non-mutant tumor antigen recognized by cytotoxic T cells (Figure 5E ). These findings illustrate how a multi-level proteomics strategy can successfully discover cancer biomarkers and, at the same time, play a key role in their functional characterization-leading to the identification of novel therapeutic targets. We propose that our comprehensive strategy, which incorporates proteome quantification, phosphoproteomics, interactomics, and immunopeptidomics, is advantageous for future biomarker studies to facilitate the discovery of novel factors relevant for disease biology.
Ovarian cancer patients treated with immune checkpoint inhibitors have not benefitted from the impressive response rates evident in some other cancers (Hamanishi et al., 2015) . This has been attributed to the low mutational burden present in ovarian tumors, which are characterized by massive copy-number alterations (Ciriello et al., 2013; Eckert et al., 2016) . Mutational load was shown to correlate with the clinical response to CTLA-4 blockade in melanoma (Snyder et al., 2014) and to PD-1 inhibition in colorectal cancers with mismatch-repair deficiencies (Le et al., 2015) . However, newer studies have revealed that defects in DNA damage repair pathways, such as the homologous recombination deficiency present in 50% of ovarian cancers, are associated with enhanced responses to immune-directed therapies (Mouw et al., 2017) . Our results indicate that CT45 expression modulates chemosensitivity in ovarian cancer by affecting DNA damage repair pathways, which could also lead to improved response to immune-targeted therapies.
Little was previously known about the function of CT45. We provide evidence that tumors with high CT45 levels show an increased formation of platinum-DNA adducts following chemotherapy, which has long been known to be linked to favorable patient outcomes and increased chemosensitivity (Reed et al., 1987) . We further identified CT45 as a novel endogenous regulator of PP4 signaling, directly impacting on PP4 activity. Interestingly, a recent interactomics screen revealed that CT45 is in close proximity to the DNA repair factors 53BP1 and BRCA1 (Gupta et al., 2018) . These data provide additional evidence to support our findings that CT45 might play a role in the DDR and indicate a potential and yet unknown function of the protein.
The clinical implications of these findings could be significant: while an enhanced chemotherapy response results in immediate disease control and remission, CT45's role as a tumor-specific antigen may be particularly relevant to long-term survival. In our discovery cohort, three patients that had CT45-positive tumors showed relapse-free long-term survival for an average of 7 years. Two of these patients are positive for the HLA class I alleles A-03:01 or A-11:01, which, through immunopeptidomics, were found to bind CT45-derived peptides (Figures 4  and 5 ). Tumor-infiltrating T cells from the CT45-positive tumors of several patients bound to CT45-peptide-containing tetramers. Future studies could seek to identify the T cell receptor responsible for CT45 recognition and engineer T cells recognizing CT45 for adoptive T cell transfer in the setting of acquired platinum resistance. In addition, a treatment strategy in which CT45 expression is reactivated using demethylating agents, which are in clinical trials, may be effective against tumors lacking CT45. Based on our results, expression of CT45 is expected to improve the efficacy of platinum-based chemotherapy or immunotherapy for patients with advanced-stage ovarian cancer.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines
All cell lines were tested for mycoplasma and authenticated using a commercial service (CellCheck, IDEXX Bioresearch). The ovarian cancer cell lines SKOV3ip1, OVCAR5, and COV318 were cultured in DMEM + 10% FCS + 1% pen/strep and are of female origin. 59M (ovarian cancer) was cultured in DMEM + 10% FCS + 1% pen/strep + 10mg/mL insulin and is of female origin. HCC1143 (breast cancer) and OVKATE (ovarian cancer) were cultured in RPMI 1640 + 10% FCS + 1% pen/strep and are of female origin. MFM223 (breast cancer) was cultured in MEM + 10% FCS + 1% pen/strep and is of female origin. JY (lymphoblastoid) was cultured in RPMI 1640 + 10% FCS + 1% pen/strep and is of male origin. Derivatives of these cell lines generated in this paper were maintained under the same conditions. A complete list of cell lines can be found in the KEY RESOURCES TABLE.
Clinical samples Clinico-pathologic parameters for all patients included in this study are summarized in Tables S1, S2 , and S4. Informed consent was obtained before surgery and the study was approved by the IRB of the University of Chicago. All clinical samples included in this study were obtained from women diagnosed with advanced stage HGSOC (minimum age at diagnosis 50).
Mouse models
All experiments were approved by the Institutional Animal Care and Use Committee of the University of Chicago. Five million OVCAR5-V5 or OVCAR5-V5-CT45 cells suspended in a 1:2 solution of serum-free media to growth-factor reduced matrigel. Cells were injected subcutaneously into the right and left flanks respectively, of eight weeks old, female, immunodeficient, athymic nude mice (Hsd: Athymic Nude-Foxn1nu). Mice were not involved in previous procedures and were treatment naive. Mice were housed under standard conditions with a normal light/dark cycle and treatment occurred during the light cycle. After five days, treatment with carboplatin was administered through the tail vein 1 time/week at 20 mg/kg. Sterile water served as the control treatment. Tumor growth was measured every 2-3 days using calipers until the tumor volume approached 1 cm3 and then tumors were measured daily. Once the tumor reached 1 cm3 the mice were sacrificed. Four mice were removed from the study early due to skin ulcerations.
METHOD DETAILS
Formalin fixed paraffin embedded tissue preparation for MS analysis Tumors were collected from patients undergoing primary debulking surgery by a gynecologic oncologist at the University of Chicago Hospital, Department of Obstetrics and Gynecology, Section of Gynecologic Oncology. Informed consent was obtained before surgery and the study was approved by the IRB of the University of Chicago. FFPE biobank specimens (5 serial sections, 10 mM thick) were first deparaffinized by two washes in 1ml xylene (5 min at 50 C each) followed by two washes in 1ml absolute ethanol. Ethanol was removed completely and sections air-dried. Areas containing 70% or more tumor were macrodissected from the slide using a scalpel blade. For this purpose, a hematoxylin stained section of the same tumor was used as reference. Lysis was then carried out in 4% SDS, 10 mM HEPES pH 8.0 at 99 C for 60 min and by 15 min sonication (Bioruptor, Diagenode, Belgium). Proteins in the cleared lysate (16,000 g, 10 min) were reduced with 10 mM DTT for 30 min and alkylated with 55 mM iodoacetamide for an additional 30 min. 100 ug of proteins were purified from SDS by acetone precipitation and the protein pellet resolved in 100 mL 6 M urea/2 M thiourea (in 10 mM HEPES pH 8.0). LysC digestion was carried out with 1 mg of LysC for 3 h at room temperature. After adding 4 volumes of 50 mM ammonium bicarbonate buffer, 1 mg trypsin was added for tryptic digestion overnight. The next day, digestion was stopped by adding 1% TFA. Peptides were finally desalted on C 18 StageTips, suspended in 10 mL 2% acetonitrile, 0.1% TFA and kept at À20 C until MS analysis. The majority of samples were injected twice for MS analysis. Samples from the two patient groups were measured in random order.
Liquid Chromatography-MS analysis of FFPE samples
For LC-MS analysis, a Q Exactive (Michalski et al., 2011) (Thermo Fisher Scientific) mass spectrometer was coupled on-line to an EASY-nLC 1000 HPLC system (Thermo Fisher Scientific). Desalted peptides were separated on in-house packed C 18 columns (75 mm inner diameter, 50 cm length, 1.9 mm particles, Dr. Maisch GmbH, Germany) in a 250 min gradient from 2% to 60% in buffer B (80% acetonitrile, 0.5% formic acid) at 200 nL/min. Mass spectra were acquired in data-dependent mode. Briefly, each survey scan (range 300 to 1,650 m/z, resolution of 70,000 at m/z 200, maximum injection time 20 ms, ion target value of 3E6) was followed by high-energy collisional dissociation based fragmentation (HCD) of the 5 most abundant isotope patterns with a charge R 2 (normalized collision energy of 25, an isolation window of 2.2 m/z, resolution of 17,500, maximum injection time 120 ms, ion target value of 1E5). Dynamic exclusion of sequenced peptides was set to 45 s. All data was acquired using Xcalibur software (Thermo Scientific).
Data analysis of proteomic raw files MS raw files were processed with the MaxQuant software (Cox and Mann, 2008) (version 1.5.3.15) . The integrated Andromeda search engine (Cox et al., 2011) was used for peptide and protein identification at an FDR of less than 1%. The human UniProtKB database (August 2015) was used as forward database and the automatically generated reverse database for the decoy search. 'Trypsin' was set as the enzyme specificity. We required a minimum number of 7 amino acids for the peptide identification process. Proteins that could not be discriminated by unique peptides were assigned to the same protein group (Cox and Mann, 2008) . Labelfree protein quantification was performed using the MaxLFQ (Cox et al., 2014) algorithm. Briefly, quantification was based on extracted high-resolution 3D peptide features in mass-to-charge, retention time and intensity space. Only common peptides were used for pairwise ratio calculations. Protein ratios were then determined based on median peptide ratios. We required a minimum peptide ratio count of 1 to report a quantitative readout and averaged the results from duplicate measurements of the same sample. The 'match-between-runs' feature of MaxQuant was enabled to transfer peptide identifications across runs based on high mass accuracy and normalized retention times. Prior to data analysis, proteins, which were found as reverse hits or only identified by sitemodification, were filtered out.
Tissue microarray
Tumors were collected from patients undergoing primary debulking surgery by a gynecologic oncologist at the University of Chicago Hospital, Department of Obstetrics and Gynecology, Section of Gynecologic Oncology. Informed consent was obtained before surgery and the study was approved by the IRB of the University of Chicago. Tissue were assembled in TMAs as 1 mM cores in duplicates. Tissue microarrays (TMAs) were deparaffinized and rehydrated through xylenes and serial dilutions of EtOH to deionized water. They were incubated in antigen retrieval buffer (Tris-EDTA, pH 9, S2367, DAKO) and heated in steamer at over 97 C for 20 min. Tissue sections were incubated in a humidity chamber with CT45A antibody (1:200, Sigma, SAB1301842) for 1h at room temperature. The antigen-antibody binding was detected by Bond Polymer Refine Detection (DS9800, Leica Microsystems). Tissue sections were briefly immersed in hematoxylin for counterstaining and were covered with cover glasses. The stained TMAs were scored by an expert pathologist on a scale from 0-3 reflecting staining intensity. Data acquisition and analysis were blinded.
Human Leukocyte Antigen peptidomics
SKOV3ip1 cells were treated with 500nM 5-aza-2 0 -deoxycytidine (DAC) (Sigma, MO) for 3 days with DAC refreshed every 24 hours. After treatment cells were cultured an additional 4 days without DAC and collected for HLA-I purification at day seven. 59M ovarian cancer cells were cultured under normal conditions prior to collection. HLA-I types of cell lines were determined using high-resolution genotyping (Center for Human Genetics and Laboratory Medicine, Martinsried). HLA peptide purification, mass spectrometric analysis and data analysis were performed as previously described (Bassani-Sternberg et al., 2015) .
Briefly, HLA-I complexes were purified from 1x10 8 cells after lysis with 0.25% sodium deoxycholate, 0.2 mM iodoacetamide, 1 mM EDTA, 1:200 Protease Inhibitors Cocktail (Sigma, MO), 1 mM PMSF, 1% octyl-b-D glucopyranoside (Sigma, MO) in PBS at 4 C for 1 h. The lysates were cleared by centrifugation (40,000 3 g, 30min) and HLA-I molecules immunopurified with the W6/32 antibody covalently bound to Protein-A Sepharose beads (Invitrogen). Affinity columns were washed with 10 column volumes of 150 mM NaCl, 20 mM Tris$HCl (buffer A), 10 column volumes of 400 mM NaCl, 20 mM Tris$HCl, 10 volumes of buffer A again, and seven column volumes of 20 mM Tris$HCl, pH 8.0. Elution was carried out at room temperature with 500 ml of 0.1 N acetic acid, in total 7 elutions per sample. Small aliquots of each elution fraction were analyzed by 12% SDS-PAGE to evaluate the yield and purity of the eluted HLA-I. To purify HLA-I peptides, eluted samples were loaded on Sep-Pak tC18 (Waters, MA) cartridges pre-washed with 80% acetonitrile (ACN) in 0.1% trifluoroacetic acid (TFA) and with 0.1% TFA only. After sample loading and washing with 0.1% TFA, peptides were separated from HLA-I heavy chains by eluting them with 30% ACN in 0.1% TFA and further purified using a Silica C-18 column tips (Harvard Apparatus, MA). Elution was again carried out with 30% ACN in 0.1% TFA. Finally, peptides were vacuum concentrated until 15ul remained and kept at À20 C until MS analysis. 5 ml of each sample containing highly enriched HLA peptides were injected to LC-MS/MS analysis. During LC-MS/MS analysis, precursor fragmentation was excluded for unassigned precursor ion charge states, or charge states of four and above. Raw files were then analyzed with MaxQuant including the following adaptations. Peptide length was restricted to 8-15 amino acids with a maximum peptide mass of 1500 Da and maximum charge state of 3. Protease mode was set to 'unspecific', protein FDR was set to 1 and 'Arg' and 'Lys' sequence constraints of the decoy database were disabled. The final list of HLA-I peptides was derived from the 'peptide.txt' output table and reverse hits were neglected in the data analysis.
We used the GibbsCluster-1.0 Server tool (Andreatta et al., 2013) to perform Gibbs clustering analysis of all identified 9-mer HLA-I peptides as input using the default settings for 1-6 clusters. The resulting motifs were compared to the known and predicted motifs of the HLA-I alleles using the MHC motif viewer (Rapin et al., 2010) . Binding motifs were plotted using the Seq2Logo tool (Thomsen and Nielsen, 2012). The NetMHC 4.0 algorithm (Andreatta and Nielsen, 2016 ) was used to model binding affinity of the identified peptides using default affinity thresholds for peptide binding (% rank 0.5 for strong binders and 2 for weak binders -in silico analysis Figure 4C ). The list of cancer-testis antigens ( Figures 4D-4F ) was obtained from the CT database (http://www.cta.lncc.br/).
T cell peptide stimulation
Tumors and ascites were collected from patients with advanced stage high grade serous ovarian cancer undergoing primary debulking surgery at the University of Chicago. Tumor infiltrating lymphocytes (TIL) were thawed and resuspended in RPMI, 10% FCS (or human serum). Cells were adjusted to 2x10 6 /mL in 24-well plates and cultured for 7-10 days in the presence or absence of 1 mg/mL peptide. After 3 days, 6 IU/mL of rhIL-2 was added to the culture, followed by flow cytometric analysis of cultured cells.
Intracellular cytokine staining
In vitro expanded TILs were restimulated at the end of culture with the relevant peptide (100 ng/mL) in the presence of Brefeldin A (BD Biosciences) for about 5-6 hours at 37 C in a 5% CO 2 incubator. The cells were washed once with FACS buffer and stained with surface makers (anti-CD3, -CD8, live/dead stain) for 30 min on ice. Then they were fixed and permeabilization with the Cytofix/Cytoperm kit (BD Biosciences), and stained for cytokines using an anti-IFN-g antibody. After washing, the cells were analyzed on a flow cytometer.
Tetramer staining PE-labeled, MHC class-I tetramers carrying CT45 antigen (GVQGPTAVRK AVDPETVFK) or HIV peptides (RLRPGGKKK or QVPLRPMTYK) were provided by the NIH Tetramer Core Facility (Atlanta, GA). In vitro expanded TILs were incubated with PElabeled MHC Class I tetramers along with surface staining antibodies (anti-CD3,-CD8, live/dead stain) for 1 hour on ice. After washing, the cells were analyzed on a flow cytometer.
51
Cr release assays The 59M ovarian tumor cell line (target cells) was labeled with 100 mCi 51 Cr at 37 C for 1 hour. Target cells were than washed three times in PBS, resuspended in culture medium at 1x10 5 viable cells/mL and 100 mL was added per well of a 96-well U-bottom plate.
In vitro expanded TILs (effector cells) were washed twice in culture medium and added to targets at the given ratios. Plates were shortly centrifuged to settle cells, and incubated at 37 C in a 5% CO 2 incubator for 5 hours after which time the supernatants were harvested, transferred to small tubes and counted using a Liquid Scintillation Counter. Spontaneous 51 Cr release was evaluated in target cells incubated with medium alone. Maximal 51 Cr release was measured in target cells incubated with a cell lysis solution (Zap-Oglobin II; Beckman Coulter) at a final concentration of 1% (v/v). Percent specific lysis was calculated as (experimental -spontaneous lysis/maximal -spontaneous lysis) times 100.
Clonogenic survival assay Cells were treated with different carboplatin concentrations (as indicated in the figure legends) for 48-72 hours. 2000 cells per 6-well were then plated for 7-9 days in drug-free medium. Grown colonies were fixed and stained with 1% formaldehyde, 1% methanol and 0.05% Crystal Violet for 20 min. The colonies were counted with the ColonyArea ImageJ plugin and plotted as percent of control on a logarithmic scale.
Western blot analysis
Cells were treated with the indicated drugs for three days and then media was changed. On the indicated day of collection, both adherent and non-adherent cells were collected in RIPA buffer (25mM Tris-HCl pH 7.6, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with protease inhibitor cocktail (Thermo Scientific) and phosphatase inhibitor cocktail (Sigma). Lysates were incubated for 30 min on ice, sonicated and cleared by centrifugation (15min, 14 000 rpm, 4 C). The quantity of protein was determined by BCA reagent (Pierce). The extracts were resolved by SDS-PAGE on a 4%-20% gradient gel (Bio-Rad), transferred, and incubated with the indicated antibodies, followed by detection using enhanced chemiluminescent regent (Bio-Rad). Membrane images were acquired using a G:BOX (Syngene).
Comet assay
Cells were treated with carboplatin as described in the legend to Figure 2D for three days and then incubated an additional two days without drug. The comet assay was performed on day 5 as previously described (Nandhakumar et al., 2011) . Briefly, grease-free, glass slides were prepared by layering 150 ml of hot 1% normal melting point agarose (NMPA) in PBS on top of the slide. Once dried, 1310 5 cancer cells were resuspended in 500 ml 0.5% low melting point agarose (LMPA) in PBS at 37 C and 70 ml of the cell suspension was placed over the NMPA layer with a coverslip added on top. The cell layer was solidified in the refrigerator for 15 min. Then, the coverslip was removed and a second layer of 70 ml 0.5% LMPA was added on top with a new coverslip. After solidifying, the coverslip was removed and the slides were immersed in cold lysis working solution (Stock solution: 2.5M NaCl, 100mM EDTA, 10mM Tris, pH 10; Working solution: 108ml of stock + 1.6ml of 1% Triton X-100) for 1hr. Slides were then transferred to a new tray containing cold electrophoresis buffer (Stock solution I: 10N NaOH; Stock solution II: 200mM EDTA, pH 10; Working solution: 30ml Stock I + 5ml Stock II, up to 1L with distilled water) and incubated for 20min at 4 C. Slides were then arranged in a gel electrophoresis apparatus perpendicular to the electrodes and just covered with buffer. The gels were run for 20min at 25 V, covered with aluminum foil. The slides were then incubated in neutralization buffer (0.4M Tris, pH 7.5) 2 times, 5min each and then placed in distilled water for 3min. To stain the DNA, 70 ml of SYBR Gold (1:10,000) was placed on top of the slide with a clean coverslip. Images were taken at 10x using a Zeiss AxioObserver A.1. At least 100 cells were quantified/ sample using the software OpenComet (Gyori et al., 2014) . Data shown is the mean ± SEM of 4 biological repeats.
Inductively coupled plasma-high resolution mass spectrometry To detect carboplatin accumulation in genomic DNA, total DNA was extracted from cells following 3 days of treatment with 5mM carboplatin using the Wizard Genomic DNA Purification Kit (Promega). DNA concentrations were determined using a NanoDrop (ThermoFisher Scientific). Cells were pelleted and washed 3 times with ice-cold PBS prior to DNA extraction. Platinum content was measured using ICP-MS at Northwestern University. An aliquot of DNA was set aside for dot-blot analysis.
Platinum-DNA adduct detection by dot-blot 5 mg DNA was spotted onto a nitrocellular membrane using a 96-well Bio-Dot apparatus (Bio-Rad). The blot was subjected to a standard western blot procedure using anti-CDDP adducts antibody (1:1000; clone ICR4, EMD Millipore). Following development, membranes were incubated with 0.1ug/mL Hoechst (Life Technologies) for 10min in PBS. Total DNA was visualized under UV light.
Affinity purification and mass spectrometry Affinity purification coupled to mass spectrometry (AP-MS) was performed as previously described (Hubner and Mann, 2011) . Cells were lysed in 150mM NaCl, 50mM Tris (pH 7.5), 5% glycerol, 1% IGPAL-CA-630 (Sigma, #I8896), protease inhibitors (EDTA-free, Roche), phosphatase inhibitors (Roche), 1mM MgCl2 and 1% Benzonase for 30min on ice. For immunoprecipitation of cell lines ectopically expressing N-terminally tagged CT45A1 (3xFLAG tag) or C-terminally tagged CT45A5 (V5 tag), 30 mL of ANTI-FLAG M2 Affinity Gel (Sigma) or ANTI-V5 Affinity Gel (Sigma, CLONE V5-10), respectively, was used and incubated with 1 mg of total lysate overnight at 4 C. After three washing steps in washing buffer (150mM NaCl, 50mM Tris (pH 7.5), 5% glycerol, 0.05% IGPAL-CA-630) and three washing steps in a buffer containing 150mM NaCl, 50mM Tris (pH 7.5), 5% glycerol, elution was carried out by a partial on-bead digest. Peptides were finally desalted with C 18 StageTips prior to MS analysis.
Chromatin experiments
Chromatin fractionation was performed as described previously (Goodarzi et al., 2008) . Briefly, soluble proteins and proteins bound to open or compacted chromatin were separated by stepwise increasing the salt and nuclease (MNase) treatment. 1E7 cells were washed with PBS and 1 mL low salt buffer (LSB:10 mM HEPES [pH 7.4], 25 mM KCl, 10 mM NaCl, 1mM MgCl2, 0.1 mM EDTA). Pelleted cells were then resuspended in six times the packed cell volume (PCV) of LSB supplemented with protease and phosphatase inhibitor cocktail (Roche). After snap freezing in liquid nitrogen, samples were quickly thawed and immediately centrifuged (10 min at 10,000 rpm). The pellet was resuspended in a volume of high-salt buffer (HSB: 50 mM Tris-HCl [pH 8.0], 5% [v/v] glycerol, 1 mM EDTA, 10 mM MgCl2, 400 mM KCl, supplemented with protease and phosphatase inhibitor cocktail), equal to 0.25 V of LSB. After centrifugation at 10,000 rpm (supernatant = nucleoplasmic fraction), the pellet was resuspended in a volume nuclease buffer containing 10 U/mL MNase (NEB) and incubated at 37 C for 10 min and centrifuged for 5 min at 10,000 rpm (supernatant = chromatin fraction 1). The pellet was then resuspended in the same volume of nuclease buffer containing 100 U/mL MNase and incubated another 45 min at 37 C before an equal V of solubilization buffer (nuclease buffer + 2% 2% [v/v] Triton X-100, 600 mM NaCl) was added. After brief vortexing, samples were centrifuged (5 min, 10,000 rpm) and the supernatant collected (chromatin fraction 2). Finally, the pellet was resuspended in a volume of solubilization buffer and an equal V of denaturing buffer (50 mM Tris [pH 6.8], 1% [v/v] SDS, 100 mM DTT, 10% glycerol), briefly sonicated, boiled for 5 min, and centrifuged for 5 min at 10,000 rpm (supernatant = chromatin fraction 3).
For ChIP-MS, freshly harvested cells were crosslinked with 1% formaldehyde for 10 min in PBS. Cells were lysed in IP Buffer (50 mM Tris-HCl (pH 8), 100 mM NaCl, 5mM EDTA (pH 8), 0.3% SDS, 1.7% Triton X-100, supplemented with EDTA-free protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Roche)) and chromatin sonicated to an average size of 200-400 bp. 1 mg of total cell lysate was incubated with 3 mg of respective antibody overnight at 4 C under constant rotation. The next day, 30 ml of protein G-coupled agarose beads (Cell signaling technology) were added and incubated for 3h at 4 C under constant rotation. Antibody-bait complexes were then washed three times with low salt wash buffer (50 mM HEPES pH 7,5, 140 mM NaCl, 1% Triton), once with high salt wash buffer (50 mM HEPES pH 7,5, 500 mM NaCl, 1% Triton) and twice with TBS. Elution was carried out by a partial on-bead digest as recently described (Hubner and Mann, 2011) . Peptides were finally desalted with C18 StageTips prior to MS analysis.
Purification of proteins
GST-CT45 expressing in BL21 (DE3) was induced by 0.5 mM IPTG for 3 hours at 37 degrees. Cells were harvested and pellets suspended in buffer R (500 mM NaCl, 50 mM Tris pH = 8.0, 5% glycerol, 5 mM beta-mercaptoethanol, 0,05% Tween-20, 1mM PMSF) and lyzed using a high-pressure homogenizer (EmulsiFlex-C3, Avestin) and centrifuged at 25000 g for 45 min. Supernatant was incubated with Glutathione Sepharose 4B (GE Healthcare) for 60 min at 4 degrees and resin washed with 40 column volumes of buffer R. GST-CT45 was eluted with 1 column volume of 500 mM NaCl, 50 mM Tris 8.8, 20 mM glutathione for 20 min and further purified on a superdex 200 10/300 (GE healthcare) column equilibrated with buffer R and non-aggregated form of GST-CT45 used for binding experiments. Preparation of GST-CT45 for ITC measurements were done as above but glycerol and Tween-20 was omitted from buffer R.
His tagged SMEK2 and PPP4R2 were expressed at 18 degrees overnight and suspended in lysis buffer (50 mM NaP pH = 7.5, 300 mM NaCl, 10 mM immidazole, 10% glycerol, 0.5 mM TCEP, benzonase and protease inhibitor cocktail (complete EDTA-free (Roche)) and lyzed using a high-pressure homogenizer (Avestin). Supernatant was clarified by centrifugation and loaded on a 5 mL HiTrap chelating Nickel column (GE healthcare) and washed with lysis buffer containing 30 mM immidazole. His tagged proteins were eluted using lysis buffer containing 500 mM immidazole and further purified using size exclusion chromatography in 50 mM NaP pH = 7.5, 150 mM NaCl, 10% glycerol, 0.5 mM TCEP.
Size exclusion chromatography binding experiments GST-CT45 (140 ug) was incubated with 200 ug of SMEK2 or PP4R2 in 550 ul binding buffer (500 mM NaCl, 50 mM Tris pH = 8.0, 5% glycerol, 0.05% Tween 20, 5 mM mercaptoethanol) for 10 min on ice. Binding reactions were fractionated on superdex 200 10/300 (GE healthcare) equilibrated with binding buffer and fractions analyzed by SDS-PAGE.
Isothermal Titration Calorimetry
All ITC experiments were performed on an Auto-iTC200 instrument (Microcal, Malvern Instruments) at 25 C. Prior to ITC experiments protein samples were extensively dialyzed against 40 mM Tris pH 8.0, 500 mM NaCl, 5 mM b-mercaptoethanol. Protein concentrations were determined using a spectrometer by measuring the absorbance at 280 nm and applying values for the extinction coefficients computed from the corresponding sequences by the ProtParam program (https://web.expasy.org/protparam/). PPP4R3B at approximately 100 mM concentration was loaded into the syringe and titrated into the calorimetric cell containing either GST-CT45A1 or GST-CDC20-mut1 at $5 mM (dimer concentration). The reference cell was filled with distilled water. The titration sequence consisted in all cases of a single 0.4 mL injection followed by 19 injections, 2 mL each, with 150 s spacing between injections to ensure that the thermal power returns to the baseline before the next injection. The stirring speed was 750 rpm. Control experiments with the titrants injected in the sample cell filled with buffer were carried out under the same experimental conditions. These control experiments showed heats of dilution negligible in all cases. The heats per injection normalized per mole of injectant versus the molar ratio Phosphatase activity assay and phosphoproteomics Cellular protein phosphatase 4 (PP4) activity was measured after transfection with PP4R3a-Venus or Venus control vector. 24h after transfection, cells were washed with TBS twice before lysis in 150mM NaCl, 50mM Tris (pH 7.5), 5% glycerol, 1% IGPAL-CA-630 (Sigma, #I8896), protease inhibitors (EDTA-free, Roche), 1mM MgCl2 and 1% Benzonase for 30min on ice. Immunoprecipitation was carried out from lysates (500ug) using 25 mL GFP-trap agarose (2h at 4 C). Beads were washed three times in 1ml wash buffer (150mM NaCl, 50mM Tris (pH 7.5), 5% glycerol, 0.05% IGPAL-CA-630) and once in 0.5ml assay buffer (150mM NaCl, 50mM Tris (pH 7.5), 5% glycerol, 1mM MnCl 2 ). PP4 activity was assayed in 50 mL assay buffer by incubating the immunoprecipitated protein with 200 mM of the synthetic phosphopeptide K-R-pT-I-R-R (Millipore) as a substrate at 30 C for 30 min. PP4 activity was detected with malachite green solution (Millipore) and read at 630nm. Venus control values were subtracted as unspecific background. The immunoblot intensity of PP4C calculated by ImageJ software (NIH) was used for normalization. Phosphoproteomic analysis of cell lines was done according to the 'EasyPhos' protocol (Humphrey et al., 2015) using 5x10 6 -1x10 7 cells per replicate.
Immunofluorescence Cells were treated with 4 mM carboplatin on coverslips. After 72hr, media was changed. At designated time points, cells were first incubated with 5-ethynyl-2 deoxyuridine (EdU) for 30min, then fixed for 10min at room temperature with 4% paraformaldehyde and washed three times with PBS. Cells were then permeabilized with PBS/0.5% Triton-X for 2 min and blocked for 30min in blocking buffer (3% BSA in PBS). Cells were then stained with an EdU labeling kit (Life Technologies) and incubated with primary antibody (Ki-CT45-2 and FANCD2) for 1h in PBS/1% BSA in at RT. Following three washes, cells were incubated with secondary antibodies (diluted in PBS/1% BSA) for 1hr at room temperature and then counterstained with Hoechst 33342 for 20 min. Slides were mounted with ProLong Gold Antifade.
Quantitative image-based cytometry QIBC was performed as previously described (Hansen et al., 2016; Toledo et al., 2013) . In short, images were acquired with a ScanR high-content microscope (Olympus) equipped with wide-field optics, a 20 3 , 0.75-NA (UPLSAPO 20 3 ) dry objective, a quadrupleband filter set for DAPI, FITC, Cy3 and Cy5 fluorescent dyes, a MT20 Illumination system and a digital monochrome Hamamatsu C9100 electron-multiplying CCD camera. Images were acquired in an automated fashion with the ScanR acquisition software. Typically 25 to 49 images were acquired containing at least 3,000 cells per condition. Acquisition times for the different channels were adjusted for non-saturated conditions for each data point. Images were processed and analyzed with ScanR analysis software. Extracted values were exported and analyzed with TIBCO Software. This software was used to quantify absolute, median, and average values in cell populations and to generate all color-coded plots. Within one experiment, same cell numbers were compared for the different conditions. Boxplots show the results of 4 biological repeats.
QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical and bioinformatics analyses were done using the freely available software Perseus (Tyanova et al., 2016a) (MaxQuant environment), R framework, Stata Version 14 (Stata, College Station, TX), or GraphPad Prism (GraphPad). RNaseq expression analysis of the CT45 gene set from TCGA (IlluminaHiseq BC and RNaseq Pan-Cancer) was performed using the UCSC Cancer Browser (https://xena.ucsc.edu/welcome-to-ucsc-xena/) (Cline et al., 2013) . For the IlluminaHiseq BC dataset, patients were filtered for stage IIIC or IV serous-papillary cancers and age > 50. A CT45 signature score was generated by combining expression of CT45A1-A6. The score and survival data was downloaded and used for Kaplan-Meier analysis (log-rank test for trend) based on four equally sized CT45 expression groups ( Figure 1H ). For normal tissue expression analysis (Figure 4A ), RNaseq data of 37 tissues was downloaded from the Human Protein Atlas (Uhlé n et al. , 2015) . For pairwise proteomic comparisons, we used a 2-sided t test statistic including a permutation-based false discovery rate (FDR) of 1% (5% for Figure 1D after filtering for a minimum of 5 valid values in at least one patient group) and an s 0 value (Tusher et al., 2001) of 2. Missing values were imputed based on a normal distribution (width = 0.15; downshift = 1.8). For phosphoproteomic analyses, we filtered for class I phosphorylation sites (positional probability calculated by MaxQuant > 0.75) and required a minimum of 2 valid values in each group of quadruplicates. Unsupervised hierarchical clustering (heatmaps) of z-scored logarithmic intensities was based on Euclidean distances for row-wise and column-wise clustering. For the phosphoproteomic pathway analysis ( Figure 2B ), we used the annotation matrix algorithm in Perseus which calculates for each sample how the intensity distribution of a specific pathway/annotation (here comprised of individual phosphosites) compares to the intensity distribution of all phosphosites in the same sample. For all pathways significantly different from the overall intensity distribution (two-sided Wilcoxon-Mann-Whitney test, P value threshold of 0.005), a position score (between À1 and 1) is calculated, for which a value of 0 indicates the center of the overall distribution of values. The resulting annotation matrix of 'enrichment scores' (here Keyword pathways and kinase motifs) was then used to identify pathways differentially regulated across different samples groups (ANOVA, permutation-based FDR cutoff of 0.05). Results are visualized as heatmap based on z-scored annotation matrix scores. For analysis of clinico-pathological data, comparisons between groups were performed using chi-square or Fisher's exact tests for categorical variables and Wilcoxon rank-sum tests for continuous variables. Overall survival and disease-free survival was compared between groups using the log-rank test. Pathway enrichment analysis ( Figure S3I ) was performed in the Perseus software based on a Fisher exact test with a Benjamini-Hochberg FDR cutoff of 0.02. GOBP annotations were used for the analysis.
Sample sizes were determined based on previous experience with the individual experiment except for animal studies where power calculations were used. With the exception of the tissue microarray analysis, no randomization or blinding was done for data acquisition or assessment of outcome. The mean and the standard error of the mean (SEM) indicating variance are reported for all graphs. For experiments making one comparison, data was analyzed using a two-tailed Mann Whitney U test to account for non-normal distribution of the data. For experiments with more than one comparison, One-way ANOVA with Tukey's multiple comparisons post-test was used. Before applying ANOVA, we first tested whether the variation was similar among the groups using the Bartlett's test. Where the standard deviations were significantly different, a log 2 transformation was applied to the data before analysis. Differences were considered significant at p < 0.05.
DATA AND SOFTWARE AVAILABILITY
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (http://proteomecentral. proteomexchange.org/cgi/GetDataset) via the PRIDE partner repository with the dataset identifier PXD010372. All other data supporting the findings of this study are available within the article and its supplemental information files or from the Lead Contact upon reasonable request. (E) Relative protein intensities (MaxLFQ, log 2 ) for the three identified CT45 protein groups in chemosensitive and resistant patients. Note, the green CT45 protein group to which the majority of peptides was assigned (n = 16) is highlighted in Figure 1D . Error bars show standard deviation for each group. ** = p value < 0.01,* = p value < 0.05. (F) Immunohistochemistry for CT45 based on two different antibodies (Sigma #SAB1301842 and Ki-CT45-2) in serial tumor sections from 2 representative patients. (G) Kaplan-Meier survival analysis (log-rank test) for disease-free survival based on CT45 protein levels in the proteomics dataset. The patients with the highest CT45 expression (top 25%, n = 6, green, median disease-free survival = 90.5 months) are compared to the lower 75% (n = 19, purple, median disease-free survival = 12 months) (H) Kaplan-Meier survival analysis (log-rank test) for overall survival based on CT45 staining scores from ovarian cancer TMAs. Advanced stage HGSOC patients comparing a staining score of 0 (n = 82) versus 1+ (n = 42) are compared. 
